Abstract. Recent efforts to catalogue global biodiversity using genetic techniques have uncovered a number of "cryptic" species within morphologically similar populations that had previously been identified as single species. Chlosyne lacinia (Lepidoptera: Nymphalidae), with a range extending from the Southwest U.S. to South America, is one of the most phenotypically variable and broadly distributed butterfly species in the New World. We sampled populations of C. lacinia in two temperate locations (California and Arizona) and one tropical location (El Salvador) to determine if cryptic species were present at this scale (temperate vs. tropical). We examined mtDNA sequence variation in COI, COII, the intervening tRNA (Leucine-2), 16S, 12S and an additional intervening tRNA (Valine), accounting for approximately 20% of the mitochondrial genome (3479 bp). Among all C. lacinia individuals, sequence divergence did not exceed 0.0084 compared to a 0.06 estimated divergence between C. lacinia and congener C. leanira. We also found subclade structure which did not clearly correspond to geography or subspecific designation. Though the mitochondrial phylogeny suggests a complex evolutionary history and biogeography, we demonstrate that one C. lacinia species is distributed throughout North and Central America spanning a diverse set of temperate and tropical habitats.
INTRODUCTION
Cryptic species, morphologically indistinguishable or highly similar entities found to be distinct species, have become a recent focus of much ecological and evolutionary study since the advent of PCR and molecular ecological approaches (Bickford et al., 2007) . The presence and lack of awareness of cryptic species leads to the potential to vastly underestimate biological diversity (Hebert et al., 2004; Smith, 2006; Burns et al., 2008; Lohman et al., 2010) , while also presenting complications for the management of rare and endangered taxa (Schön-rogge et al., 2002; Griffiths et al., 2010) .
The distribution of cryptic species is especially important across large geographic scales. Species thought to be common and widely distributed are instead frequently found to be multiple cryptic species across a range (Jones & van Parijs 1993; Colborn et al., 2001; Hebert et al., 2004; Fernandez et al., 2006; Stuart et al., 2006; Murray et al., 2008; Wheat & Watt 2008; Belyaeva & Taylor, 2009; Geurgas & Rodrigues, 2010; McLeod, 2010) . Even when cryptic species are revealed, their own particular distributions are important to consider. Multiple sympatric cryptic species throughout a distribution differs greatly in terms of conservation management from allopatric cryptic species with largely disjunct distributions (McBride et al., 2009 ). However, species exhibiting extensive distributions do not necessarily have cryptic associations. For example, Lohman et al. (2008) showed that Lampides boeticus (Lepidoptera), a butterfly distributed across four continents, did not have any clear cryptic species complexes across its range.
Chlosyne lacinia (Geyer, 1837) is one of the most variable and widespread butterflies in the Americas (Higgins, 1960) and a member of the well-studied Melitaeini butterfly tribe (Harvey, 1991; Ehrlich & Hanski, 2004; Nymphalidae Systematics Group, 2009 ). While Chlosyne is represented by species with both Nearctic and Neotropical distributions, Wahlberg & Zimmerman (2000) present phylogenetic evidence based on mtDNA sequence data to suggest that C. lacinia has colonized Central and South America relatively recently and that its sister species are Nearctic in distribution. Could it be that this Neotropcial colonization has led to the rapid radiation of multiple cryptic species? Or alternatively, has one species successfully colonized multiple habitats across large climatic and habitat gradients?
We examined mitochondrial sequence variation in C. lacinia among the genes COI, COII, 12S rDNA, 16S rDNA, and two tRNAs following the approach of Wheat & Watt (2008) . In total we sequenced 3,479 bp representing about 20% of the mitochondrial genome in 14 C. lacinia butterflies from one tropical population (El Salvador: n = 6) and two temperate populations (California: n = 3, Arizona: n = 5). We focused on mitochondrial DNA due to its effectiveness in marking species boundaries in butterfly systematics (Sperling, 2003) . Specifically we (i) examined sequence divergence across all C. lacinia individuals and (ii) employed Bayesian and maximum likelihood phylogenetic methods to determine whether or not any distinct mitochondrial lineages were present, in particular in relation to geography (tropical vs. temperate). We used these data to address the question of whether the extensive distribution of C. lacinia is the result of one highly variable butterfly species or if instead it is a complex of multiple cryptic species.
MATERIAL AND METHODS

Study organism and sites
Chlosyne lacinia is a morphologically highly variable butterfly with populations distributed from the southern U.S. to northern Argentina (Higgins, 1960; Scott, 1986) . Larvae use a variety of host plants within Asteraceae: Heliantheae, and habitats range from desert washes to open tropical secondary growth areas (Neck, 1973; DeVries, 1987; Stewart et al., 2001) . While the habits and life histories of temperate C. lacinia have been studied in some detail, especially in Texas (e.g. Neck, 1973) , much less is known about the ecology of tropical C. lacinia (DeVries, 1987) . Higgins (1960) cautiously categorized C. lacinia forms into several types or "subspecies" noting that the biological reality behind the types would be difficult to justify given complete gradation among all types and that even single broods are capable of producing multiple types (Edwards, 1893) . This has led some (e.g. DeVries, 1987) to ignore completely the subspecific designations.
We collected Chlosyne lacinia adults from populations in California, Arizona and El Salvador (Table 1 ). Each population corresponded roughly to subspecific designations. Butterflies we collected in California could most accurately be described as C. lacinia adjutrix (Scott, 1986) . In Arizona we collected only C. lacinia crocale while the Salvadoran butterflies are best described as C. lacinia lacinia (Higgins, 1960) .
Sampling and molecular data collection
We collected 15 butterflies total (14 C. lacinia and one Chlosyne leanira) from the California, Arizona and El Salvador populations (Table 1) . Three of the sampled butterflies (IDs 68, 72 and 202) were collected from the field as larvae and raised to adults before being used in molecular data collection. For outgroups, we used a Chlosyne leanira adult collected from the Southwestern Research Station (SWRS) in Arizona, and extant mitochondrial sequence data from Hipparchia autonoe (Nymphalidae) (Kim et al., 2010) and Colias meadii (Pieridae) (Wheat & Watt, 2008) as additional outgroups. We also used previously sequenced COI C. lacinia samples available from the Nymphalidae Systematics Group (2009).
We sliced the posterior 3-4 abdominal segments of each butterfly and incubated them overnight in a solution of 180 µl phosphate-buffered saline solution (Gibco) and 20 µl of Proteinase K at 55°C to improve DNA yield from the dried specimens. We then extracted DNA using a DNeasy kit (Qiagen) following standard protocol. We focused on sequences from COI, COII, the intervening tRNA (Leucine-2), 16S, 12S and an additional intervening tRNA (Valine). For amplification and sequencing of these genes, we used existing primers (Caterino & Sperling, 1999; Chew & Watt, 2006; Wheat & Watt, 2008) with some additional C. lacinia-specific primers for amplification and sequencing in the case of COII (Table 2) . For amplification we performed PCR using Hi-Fi Platinum Taq in a Stratagene Robocycler using cycling conditions of 1 cycle of 3´30˝ 94°C melt, 1´30˝ 52°C anneal, 3´30˝ 68°C extend; 35 cycles of 1´30˝ 94°C melt, 1´30˝ 52°C anneal, 3´30˝ 68°C extend; final extension 10´ 68°C. For cycle sequencing we used ABI BigDye 2.0 with the following conditions: 1 cycle of 1´489 6°C melt, 30˝ 50°C anneal, 4´ 60°C extend; 30 cycles of 309 6°C melt, 30˝ 50°C anneal, 4´ 60°C extend; final extension 6' 60°C. We prepped the products for sequencing in an ABI 377 sequencer by cleaning with Sephadex G50, resuspending in 5:1 formamide: EDTA buffer, and loading on membrane combs (Gel Company). (2008) and Kim et al. (2010) respectively. Details on NW32-2, NW14-4, JM6-8, and JM7-6 can be found at the Nymphalidae Systematics Group (2009) voucher specimen database. Accession numbers for Chlosyne listed in the table are for COI. Additional sequences are also available through Genbank (Accession nos JN584555-JN584629).
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Data analysis and phylogenetic analysis
For sequence construction and alignment, we used BioEdit (Hall, 1999) and Mesquite (Maddison & Maddison, 2010) . We aligned sequences manually using as a guide the mitochondrial genomes of H. autonoe (Kim et al., 2010) and Drosophila yakuba (Clary & Wolstenholme, 1985) . Following Wheat & Watt (2008) such that genetic distances were comparable, divergence estimates for the entire genetic dataset and for each gene individually were calculated according to the F84 maximum likelihood algorithm as implemented in DNADIST in Phylip 3.66 (Felsenstein, 2005) .
A Bayesian analysis was executed in MrBayes version 3.1.2 (Ronquist & Huelsenbeck, 2003) . We partitioned the sequence data by gene (six partitions -COI, tRNA Leu2, COII, 16S, tRNA Val, 12S) and used jModeltest (Posada, 2008) to determine the optimal nucleotide substitution model based on Akaike Information Criterion (AIC) (Akaike, 1973) . Accordingly, we used the GTR+G (for COI and COII), F81 (tRNA Leu2), HKY+G (16S and tRNA Val) and GTR (12S) models for the Bayesian analysis. We ran four chains (one cold, three hot) for four million generations sampling every 3000 generations. For burn-in, we discarded the first 250 samples. We assessed convergence by verifying that the standard deviation of split fre- quencies was below 0.01 and that the potential scale reduction factor was close to one for each parameter. We also implemented this Bayesian approach for COI separately to assess the phylogenetic relationships of the four C. lacinia samples for which we only have COI sequences. Maximum-likelihood phylogenetic reconstruction was done using PHYML (Guindon & Gascuel, 2003) . We used a GTR substitution model with six categories of gamma distributed rates and performed a bootstrap of 1000 iterations.
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RESULTS
For the concatenated set of 3,479 bp, sequence divergence estimated across C. lacinia individuals never exceeded 0.0084 compared to a divergence of 0.06 between C. leanira and C. lacinia (Table 3) . Within populations, Arizona C. lacinia exhibited maximum divergence of 0.0070 in Arizona with an estimate of 0.0011 for California and 0.0017 for El Salvador. Divergence estimates by gene are similar relative to the concatenated estimates (Table 3 ).
The Bayesian tree shows that all C. lacinia are closely related to one another and share a recent common ancestor (Fig. 1) . However, there is strong support for two distinct mitochondrial lineages within C. lacinia. This split does not appear to be related to geography. Individuals 263 and 152 were captured on the same day Fig. 2 . Maximum-likelihood phylogeny of Chlosyne lacinia from Arizona (AZ), California (CA) and El Salvador (ES) as calculated by PHYML (Guindon & Gascuel, 2003) . Bootstrap percentages from 1000 reiterations are given at each node in the inset. in the same local population (Table 1) but are distinct genetically, although they have similar wing patterning (Fig. 1) . The maximum-likelihood phylogeny largely mirrors the Bayesian tree again showing confidence (94%) in the splitting of the two C. lacinia clades (Fig. 2) . The COI phylogeny shows another grouping of C. lacinia representing the Mexican individuals (Fig. 3) but the results largely match the patterns shown by the Bayesian and maximum-likelihood analyses of the concatenated set.
To rule out sequence contamination, we re-extracted, re-amplified and re-sequenced COI from individuals 68 and 152. Consistent with the results from the original data collection, both 68 and 152 have sequences that are much more similar to El Salvador C. lacinia despite their Arizona origin. We found no in-frame stop codons in COI or COII and only one non-synonymous substitution at one polymorphic site in COII and one non-synonymous substitution at a polymorphic site in COI (out of 22 polymorphic sites total throughout COI-COII). This tends to eliminate pseudogene amplification (Brower, 2006; Smith et al., 2007) as a potential alternative explanation of our results. (1960) accurately noted that for C. lacinia it was "difficult to describe the series in acceptable nomenclature and equally hard to assess the biological significance of the extreme range of variation which is certainly without parallel in the Melitaeinae and hard to match in any other butterfly". Our exploration of mitochondrial sequence diversity across Central and North America showed relatively low levels of genetic divergence across all C. lacinia individuals. However, the phylogenetic analysis also uncovered a split in the C. lacinia clade with two distinct mitochondrial lineages that appear unrelated to adult subspecific designations or latitude.
DISCUSSION AND CONCLUSIONS
Higgins
Both the Bayesian and maximum-likelihood phylogenetic trees show decisively that the divergence patterns are not related to geography or latitude such that both mitochondrial lineages are present in Arizona. There does not appear to be any correspondence between C. lacinia subspecies and subclade structure. The C. lacinia individuals we sampled in El Salvador are genetically indistinguishable to two of the individuals we found in Arizona. Therefore, even in the event that each subclade represented a unique species the data show that this split is not due to contemporary geographic separation and that one species is clearly present in both the tropical and temperate environments.
Furthermore, the intraspecific genetic divergence estimates in C. lacinia, mostly ranging over about 0.005-0.008, are comparable to intraspecific genetic divergence estimates using sequence data from the same genes (COI, tRNA Leu2, COII, 16S, tRNA Val, 12S) in Colias, as described by Wheat & Watt (2008) . For example, divergence between geographically separated subclades of Colias meadii ranges from 0.0045-0.0054 (Wheat & Watt, 2008) . Also, among closely related species, divergence estimates are frequently between 0.007 and 0.01 (Appendix I in Wheat & Watt, 2008) . The divergence between congener C. leanira and C. lacinia (~0.06) also exceeds, by 7-to 8-fold or more, all divergence estimates among sampled C. lacinia. These divergence values are thus consistent with intraspecific estimates in other species. The presence of two distinct mitochondrial lineages in Arizona, and potentially a third in Mexico based on COI, suggests a pattern of complex colonization and biogeography. An analogous pattern on a larger scale is described by Gompert et al. (2008) in the Lycaeides butterfly species group. Three distinct mitochondrial lineages (as determined by COI and COII sequences) were found in the group and each of them contained Eurasian and North American haplotypes, suggesting that multiple founding events occurred (Gompert et al., 2008) . Introgressive hybridization was also implicated in the radiation of Lycaeides and the complicated genetic structure seen in the group (Gompert et al., 2008 (Gompert et al., , 2010 . In the case of C. lacinia, it is possible that a colonization of the Neotropics was followed by one or more re-colonizations of North America. Presently however, any hypotheses regarding the cause of the subclade separation would be purely speculative.
While subspecific designation in C. lacinia is based on adult wing pattern, several studies have also demonstrated discrete morphological variation occurring at the larval stage in C. lacinia in North America (Gorodenski, 1969; Neck et al., 1971) and Brazil (Lopes-da-Silva & Casagrande, 2003) . We lack data to address any relationship between larval morph types and mitochondrial sequences though such relationships have proved critical to cryptic species discoveries in other butterfly species (e.g. Hebert et al., 2004) .
Comprehensive sampling throughout the extensive distribution of C. lacinia would undoubtedly help determine the origins of the complex geographic and morphological variation of C. lacinia. One question that naturally arises is whether or not the two mitochondrial lineages are sympatric throughout the C. lacinia range or if the mixing observed in Arizona is uncommon. There could also be unsampled subclades or even cryptic species in other parts of its distribution. Yet even within the populations we sampled, a complex evolutionary history is apparent. While we found no clear genetic evidence to justify a delineation of tropical and temperate C. lacinia populations, our results also revealed an unexpected genetic substructure within the species.
